We evaluated the innate immune response to various synthetic CpG-containing oligodeoxynucleotides (CpG ODNs) by measuring nitric oxide production in the peripheral blood monocytes from turkey poults. The results indicate that the presence of the CpG dinucleotide in ODNs was a prerequisite for activation of turkey monocytes and induction of nitric oxide (NO) synthesis. CpG motifs and sequence structure of the ODNs were also found to influence stimulatory activity greatly. The most potent CpG ODN to induce NO synthesis in turkey monocytes was human-specific CpG ODN M362, followed by CpG ODN 2006 (human), CpG ODN#17 (chicken) and CpG ODN 1826 (mouse). The optimal CpG motif for NO induction was GTCGTT. Phosphorothioate modification of CpG ODNs also significantly increased stimulatory activity. Compared with chicken monocytes, turkey monocytes appeared to be less sensitive to CpG motif variation, whereas chicken monocytes were found to respond more strictly to human-specific CpG ODNs or ODNs that contain GTCGTT motifs.
Introduction
The innate immune system of vertebrates recognizes structurally conserved pathogen-associated molecular patterns (PAMPs) and allows immediate host immune responses to limit infection (Janeway & Medzhitov, 2002) . Bacterial and viral DNA are among PAMPs that have recently been found to stimulate the innate immune system and afford immune protection against microbial infections in vertebrate species (Ashkar & Rosenthal, 2002; Krieg, 2002; Mutwiri et al., 2003) . In contrast to vertebrate DNA, bacterial or viral DNA contains relatively abundant unmethylated CpG dinucleotides (Bird, 1987) . These unmethylated CpG dinucleotides within specific flanking bases (referred to as CpG motif) are now known to be the molecular base that contributes to the immunostimulatory activity of bacterial and viral DNA (Häcker et al., 2002) . Synthetic oligonucleotides containing the CpG motif (CpG ODNs) mimicking bacterial and viral DNA have been demonstrated to retain immunostimulatory activities (Yamamoto et al., 1992) . Toll-like receptor 9 (TLR9), a member of an innate immune receptor family, has been identified and is known to recognize bacterial DNA or CpG ODNs and initiates the signaling cascade leading to various innate immune responses in murine and human immune cells (Hemmi et al., 2000; Bauer et al., 2001 ).
In the human and mouse, bacterial DNA or synthetic CpG ODNs have been found to activate B lymphocytes, macrophages, dendritic cells and natural killer cells and to stimulate the secretion of cytokines, including interleukin1b (IL-1b), IL-6, IL-12, IL-18, tumor necrosis factor-a (TNF-a), interferon-a (IFN-a) and IFN-g (Krieg et al., 1995; Klinman et al., 1996; Chace et al., 1997; Sun et al., 1998; Jakob et al., 1999; Hartmann & Krieg, 2000; Tascon et al., 2000; Ballas et al., 2001; Kamstrup et al., 2001; Krug et al., 2001; Verthelyi et al., 2001; Zhang et al., 2001) . Recently, studies have also shown the immune stimulatory activities of CpG ODNs in other vertebrate species including fish (Jorgensen et al., 2001a, b; Meng et al., 2003) , chicken (Vleugels et al., 2002; Gomis et al., 2003 Gomis et al., , 2004 He et al., , 2005 Xie et al., 2003; Dalloul et al., 2004) , pigs (Kamstrup et al., 2001) , cattle (Zhang et al., 2001) and sheep (Mena et al., 2003a) . CpG motifs required for optimal stimulation of immune cells by CpG ODNs are mostly species dependent (Hartmann & Krieg, 2000; Hartmann et al., , 2003 Kamstrup et al., 2001; Mena et al., 2003b; Roberts et al., 2005) . For example, the most active CpG motif GACGTT for murine immune cells had weak or no stimulatory activity on human leukocytes, whereas GTCGTT was found to be most active in human immune cells (Hartmann & Krieg, 2000; . Structure difference and backbone phosphorothioate modification also influence the immunostimulatory properties of CpG ODNs Vollmer et al., 2004) .
CpG ODNs stimulate the immune system to mount a rapid innate immune response and promotes the development of T helper 1 (Th1) protective immunity. Owing to the strength and nature of this stimulation, CpG ODNs have been tested for immune therapeutic and protective use (Krieg, 2002; Klinman, 2004) . For example, use of CpG ODNs in a murine model has proven to have immunoprotective and immunotherapeutic effects against bacterial infections caused by Listeria monocytogenes (Krieg et al., 1998; Klinman et al., 1999) , Francisella tularensis (Deng et al., 2004) , Klebsiella pneumonia (Deng et al., 2004) and Burkholderia pseudomallei (Wongratanacheewin et al., 2004) and parasitic protozoan infections by Leishmania major (Zimmermann et al., 1998) , Plasmodium yoelii and Plasmodium falciparum (Gramzinski et al., 2001) , and Leishmania donovani (Datta et al., 2003) . Several recent studies have also demonstrated antiviral activities of CpG ODNs (Harandi et al., 2003; Schlaepfer et al., 2004; Rees et al., 2005) .
The turkey is an economically important component of the poultry industry in the United States. Very little is known about its innate immunity and its responses to stimulation by microbial agonists. The immune response to CpG ODN stimulation has not been studied in the turkey. In the mouse, nitric oxide (NO) has a significant contribution to host defense against intracellular pathogenic microorganisms such as Salmonella (MacFarlane et al., 1999; Alam et al., 2002) . We have also shown previously that a CpG ODN that induces NO production in chicken macrophage cell line HD11 protects neonatal chickens against Salmonella infection (He et al., 2005) . The objective of the present study was to identify immunostimulatory CpG ODNs of the turkey by evaluating responses of NO production to different CpG ODNs in turkey peripheral blood monocytes. In addition, we also compared the difference of NO induction by various CpG ODNs between turkey and chicken monocytes. To our knowledge, this work was the first to identify immune stimulatory CpG ODNs for turkey monocytes by evaluating CpG ODNs with different sequence structures.
Materials and methods

ODNs and reagents
Synthetic ODNs were purchased from BioSource International. The sequences of CpG ODNs and control ODNs (containing no CpG motifs) used in this study are given in Table 1 . These ODNs were further purified by ethanol precipitation and dissolved in phosphate-buffered saline (pH 7.2) at 1 mg mL
À1
. All other reagents were purchased from Sigma.
Animals
Turkey poults (Nicholas) and chickens (Hy-Line W36) were obtained from Cargill and Hy-Line International, respectively, on the day of hatch. Birds were placed on floor pens with pine shavings in a controlled environment and were provided ad libitum access to water and a balanced unmedicated corn-soybean-based diet with nutrient rations meeting or exceeding the recommendations of the National Research Council (National Research Council, 1994) .
Cell preparation and cell culture
At least three independent experiments were conducted on different dates. In each experiment, peripheral blood mononuclear cells (PBMCs) were isolated from blood pooled from 50 to 100 chickens or 25-50 turkey poults as previously 
CpG#17 and GTCGTT are identical. Ã All ODNs are phosphorothioate modified.
described (Kogut et al., 1995) . Briefly, peripheral blood was mixed with 1% methylcellulose (1 : 1 v/v), and centrifuged at 25 g for 15 min. The supernatants were diluted with Ca 21 -and Mg 21 -free Hanks balanced salt solution to the original volume of the mixture of blood/methylcellulose. The supernatants (25 mL) were carefully layered onto a discontinuous Histopaque gradient (specific gravity 1.077/1.119 with 10 mL each) in 50 mL conical centrifuge tubes and centrifuged (swing buckets) at 250 g for 60 min. The PBMC layer at the 1.077/supernatant interface was collected, washed and resuspended in RPMI-1640 containing 100 mg mL À1 gentamicin. Combined peripheral blood from multiple individual chickens and turkeys has been routinely used to isolate leukocytes, such as heterophils and monocytes, in our laboratory and no interference has been observed in the cell function assays.
Monocyte culture
Monocytes were isolated by the plastic adhesion method. This method has been widely used to obtain monocytes from peripheral blood for immune function assays (Colognato et al., 2003; Gu et al., 2004; Elkord et al., 2005) . Aliquots of 200 mL of PBMCs (1 Â 10 7 cells mL À1 ) were dispensed to a round-bottom 96-well cell culture plate and incubated at room temperature for 3 h. After incubation, nonadherent cells (e.g. lymphocytes) were removed by washing twice with RPMI-1640 containing 10 mg mL À1 gentamicin. The adherent monocytes were cultured overnight (to obtain quiescent state) in Dulbecco's modified Eagle's medium (DMEM) containing 10% chicken serum, antibiotics (100 U penicillin mL À1 and 100 mg streptomycin mL À1 ), and 1.5 mM L-glutamine at 41 1C in a 5% CO 2 and 95% humidity incubator. Prior to stimulation, the medium was replaced with fresh culture medium, and cells were then stimulated with various ODNs for 96 h. The 96 h incubation time has been predetermined to obtain maximal accumulation of NO in the media. The controls contained unstimulated monocytes for determining the background NO level in the media. There were significant numbers of thrombocytes remaining in isolated monocytes after initial washings. However, the number of adherent thrombocytes was drastically reduced to 5-8% after overnight culture and subsequent replacement of fresh media prior to stimulation. This reduction of thrombocyte numbers in monocyte cultures might be due to the loss of adherence during the culture, as described by DaMatta et al. (1998) .
Nitrite assay
Nitrite, a stable metabolite of NO, produced by activated monocytes was measured by the Griess assay (Green et al., 1982) . Briefly, a 100 mL aliquot of culture supernatant from each well was transferred to the wells of a new flat-bottom 96-well plate and combined with 50 mL of 1% sulfanilamide and 50 mL of 0.1% naphthylenediamine (both were prepared in 2.5% phosphoric acid solution). After 10 min incubation at room temperature, the nitrite concentration was determined by measuring the optical density (OD 550 nm ) of each well using a SPECTRA MAX microplate reader (Molecular Devices). Sodium nitrite was used as a standard to determine nitrite concentrations in the cell-free medium.
Data analysis
At least three independent experiments were carried out on different dates. Three to four replicate monocyte cultures from the pooled blood were assayed for NO production in each CpG ODN treatment. Data are presented as means and standard deviations of three experiments (n = 3). Differences between control and CpG ODN-treated groups were analysed by the t-test using SigmaStat s software (Jandel Scientific). A value of P o 0.05 was considered to be significant.
Results
Induction of NO in turkey monocytes was CpGdinucleotide dependent
Stimulation of turkey monocytes with CpG-containing ODNs induced cell activation leading to NO production (Fig. 1 ). This immune stimulatory activity was CpG-dinucleotide dependent. The control ODNs (2041 and nCpG#17), which do not contain CpG motifs, showed no stimulatory activity. Turkey monocytes also displayed differential responses to different CpG ODNs that have previously demonstrated immune stimulatory activities in various species, including human (ODN 2006 and ODN M362), mouse (ODN 1826), pig (ODN pD19) and chicken (CpG#17). The human CpG ODNs stimulated the highest levels of NO production in turkey monocytes followed by the mouse and chicken CpG ODNs. The porcine CpG ODN (pD19) stimulated very little NO production in turkey monocytes. This result indicated the strong influence of CpG motif structure on the immune stimulatory activity of CpG ODNs.
CpG motif structure influenced NO induction
The influence of CpG motif structure was further evaluated using CpG ODNs that contain three consecutive identical CpG motifs. All CpG ODNs were the same length (18 nt) to eliminate possible nonspecific effects unrelated with CpG motif; for example, the length of oligo and extra phosphorothioate bonds may have effects on CpG ODN stimulatory activities. The stimulatory activity of CpG ODNs to induce NO in turkey monocytes was found in the following order GTCGTT and GACGTT 4 GACGAT and GTCGAT 4 ATCGAT (Fig. 2) . The control ODN (nCpG#17) containing three GTGCTT motifs did not stimulate significant NO production.
Phosphorothiate modification of CpG ODNs increased stimulatory activity
Phosphorothioate-modified CpG ODN replaces the [-O-] bond with [-S-] and increases the stability of ODN against degradation by nuclease (Sester et al., 2000) . Phosphorothioate modification of CpG ODNs greatly increased stimulatory activity in induction of NO in turkey monocytes (Fig. 3) . Phosphodiester ODNs that contain natural [-O-] bond were not able to induce NO production in turkey monocytes.
Turkey monocytes responded differently to CpG ODN stimulation from chicken monocytes
Induction of NO in turkey monocytes by phosphorothioate CpG ODNs has not been studied. In light of the differential response to CpG ODNs demonstrated in mammalian species, it was of interest to observe whether turkey and chicken monocytes respond in the same way to various CpG ODN stimulations. Our results demonstrated there were considerable differences between turkey and chicken monocytes in their responses to CpG ODN stimulations ( Fig. 4a and b) . Turkey monocytes were more broadly responsive to CpG ODNs, whereas chicken monocytes showed more restrictive responses to the human CpG motif (GTCGTT). Unlike turkey monocytes, chicken monocytes were much less responsive to the mouse CpG motif (GACGTT) and did not respond to CpG motifs, ATCGAT, GTCGAT and GACGAT. 
Discussion
Bacterial DNA or synthetic ODNs containing CpG dinucleotides are immunostimulatory to many vertebrate species. These immunostimulatory activities of CpG ODNs have been studied extensively and characterized in both human and murine immune cells (Ashkar & Rosenthal, 2002; Krieg, 2002; Mutwiri et al., 2003) . Recently, immune stimulatory activities of CpG ODNs have also been demonstrated in lower vertebrates such as fish (Jorgensen et al., 2001a, b) and chickens (Vleugels et al., 2002; Gomis et al., 2003 Gomis et al., , 2004 He et al., , 2005 Xie et al., 2003; Dalloul et al., 2004) . However, immune responses of turkeys to bacterial DNA or CpG ODNs are unknown. Production of NO by macrophages after exposure to microbial stimuli is an important bactericidal response of the innate immune system. Here, NO production in turkey PBMCs induced by various CpG ODNs differing in structure and CpG motif sequence were evaluated to identify turkey immune stimulatory CpG ODNs. CpG ODNs have been shown to have species-specific (Hartmann & Krieg, 2000; Kamstrup et al., 2001; Hartmann et al., 2003; Mena et al., 2003b; Roberts et al., 2005) and celltype-specific Krug et al., 2001; Verthelyi et al., 2001; Hartmann et al., 2003; Vollmer et al., 2004) immune stimulatory activities. Previously, chicken macrophage cell line HD11 has been shown to respond to ODNs containing a human CpG motif GTCGTT, but not a mouse CpG motif GACGTT when phosphodiester ODNs were used . Bovine and ovine species have also been shown to respond to CpG ODNs containing human CpG motif GTCGTT (Mena et al., 2003a, b) . However, pigs appeared to respond better to an ODN containing a motif of ATCGAT (Kamstrup et al., 2001) . In this study, CpG ODNs that have immune stimulatory activities in immune cells of human (ODN 2006 and ODN M362) , mouse (ODN 1826), pig (ODN pD19) and chicken (CpG#17) were compared for NO induction in turkey monocytes (Fig. 1) . The results indicate that turkey monocytes responded to most CpG ODN stimulation except ODN pD19, which contains an ATCGAT motif. Human CpG ODN (M362) was the most potent stimulant for NO production, followed by ODN 2006. Mouse CpG ODN (1826) was comparable with chicken CpG ODN#17. Control ODNs containing GpC instead of CpG dinucleotide showed no stimulatory activity. These results are comparable with a previous study on a chicken macrophage cell line (HD11), where the human CpG motif was the optimal CpG motif for NO induction by CpG ODNs . Our study clearly demonstrates that the induction of NO in turkey monocytes was strictly CpG dinucleotide dependent. Backbone modification with phosphorothioate linkage has been shown to induce CpGindependent stimulatory activity (Zhao et al., 1996) . However, our results indicate that phosphorothioate modification of ODNs did not introduce CpG-independent NO-inducing activity, as control ODNs that do not contain CpG motifs did not show any stimulatory activity (Fig. 1) . Although TLR9, the receptor of bacterial DNA and CpG ODN, has not been identified in avian species, this CpG motif-dependent recognition by and activation of turkey monocytes indicates the presence of a TLR9-like receptor in these cells.
To demonstrate further the influence of CpG motif on NO-inducing activity of CpG ODN, several CpG ODN were synthesized to contain only three consecutive CpG motifs, with no leading nucleotides or intermediate nucleotides between the CpG motifs that may influence the stimulatory activity. Stimulation with these CpG ODNs resulted in significant differences in the NO production of turkey monocytes (Fig. 2) . ODNs containing the human CpG motif (GTCGTT) induced the highest level of NO production, followed by ODNs containing GACGTT 4 GACGAT and GTCGAT 4 ATCGAT. Using nuclease-resistant phosphorothioate-modified CpG ODNs instead of phosphodiester ODNs can increase the stability of ODNs against degradation by nuclease and therefore enhances the stimulatory effects (Sester et al., 2000) . In this study, we also showed the stimulatory activity of CpG ODNs with a phosphorothioate modification was much greater than that of CpG ODNs with the natural phosphodiester bonds (Fig. 3) . Previous studies have shown the ability of phosphodiester CpG ODNs to stimulate NO production in a chicken macrophage-linage cell line (HD11) , a lack of stimulatory activity of phosphodiester CpG ODNs in the chicken (data not shown) and turkey PBMCs was likely the result of either degradation of the ODNs (requiring longer incubation period for monocytes than for HD11 cells) or less sensitivity of monocytes to phosphodiester CpG ODN stimulation.
Our study also showed a significant difference between turkeys and chickens in terms of induction of NO production in monocytes by various CpG ODNs (Fig. 4) . Unlike turkey monocytes, induction of NO production in chicken monocytes was more sensitive to CpG motif. Only human CpG ODNs (M362 and 2006) and chicken CpG ODN#17, which contain the GTCGTT motif, stimulated significant induction of NO in chicken monocytes. ODNs containing the mouse CpG motif (1826) and other CpG motifs, which were active for NO induction in turkey monocytes, were shown to have little or no stimulatory activities for NO induction in chicken monocytes. The difference between turkey and chicken monocytes in their response to CpG ODNs cannot readily be explained. Identification of turkey and chicken TLR9 may help to explain the discrepancy in monocytes responding to CpG ODN stimulation between these two avian species. However, these results clearly indicate species-specific responses to CpG ODN stimulation as demonstrated in mammals. Possible use of CpG ODNs as therapeutic agents or as immune modulators is a promising avenue of research. Our results provide important information for further research on the application of CpG ODN technology in protection from and control of disease in the poultry industry.
In summary, we have identified and demonstrated immune stimulatory activity of CpG ODNs in turkey PBMCs. Our study has shown CpG motif-dependent activation and induction of NO synthesis in turkey monocytes. Human immune stimulatory CpG ODNs were the most potent ODNs in inducing NO synthesis in turkey monocytes. The optimal CpG motif for inducing NO production in turkey monocytes is GTCGTT, which is identical to chicken. Compared with chicken monocytes, turkey monocytes were less sensitive to CpG motif variation, whereas chicken monocytes responded more strictly to human-specific CpG ODN or ODNs that contain GTCGTT motifs. Further studies will be conducted to evaluate the in vivo and in vitro effects of CpG ODNs on cytokine expression, immune response modulation and resistance to disease challenge in turkeys.
